In this study, molecular dynamics simulations are performed by using a modified form of Morse potential function in the framework of the Embedded Atom Method (EAM). Temperature-and pressure-dependent behaviours of bulk modulus, second-order elastic constants (SOEC), and the linear-thermal expansion coefficient is calculated and compared with the available experimental data. The melting temperature is estimated from 3 different plots. The obtained results are in agreement with the available experimental findings for iridium.
Introduction
Iridium is a 5d transition metal with a fcc structure, and its mechanical and physical properties exhibit some unusual behaviours when compared to other fcc metals. Some of these anomalies are the extremely high melting point, the high electrical conductivity, excellent resistance to oxidation and corresion, a negative Cauchy-pressure, brittle cleavage under tensile loading, the large values of shear and bulk modulus, and some anomalies in phonon spectra, especially along the [ςς0] direction [1] [2] [3] [4] [5] [6] [7] . Although such anomalies exist, iridium is a promising candidate for many industrial applications. Therefore, it is very important to calculate and/or measure its temperature-and pressure-dependent properties for understanding and clarifying the some of these anomalies.
The study of material properties under high pressure and temperature is important in a variaty of situations in physics, astrophysics, and related sciences [8] . Among these properties, the elastic constants and equation of states (eos) are fundamental for solids. Accurate descriptions of the elastic and vibrational properties for solids are extremely important because these play significant roles in determinig some materials properties such as interatomic forces, phase transition, transport coefficients and electron-phonon interactions. In particular, they provide information on the stability and stiffness of materials.
Generally, in the literature, the results of various calculation methods on the same physical properties of iridium are given with the other transition metals in the same tables with varying degree of success for each metals . However, the results given by using the same method on many properties -such as thermodynamical, mechanical, and vibrational -are very limited [10, 11, 20, 21] . When compared with some other properties, there are little calculations on the elastic [7, 16] , and thermo dynamic [10, 11, 21] properties changing with the temperature and/or pressure for iridium. Therefore, we have aimed to provide some additional information for the existing data on these properties with the present Embebbed Atom Method (EAM) molecular dynamics simulations.
Here, the molecular dynamics (MD) simulations are performed on 1372 Ir atoms at different temperatures (from 0 to 1000K) and pressures (from 0 to 60 GPa). The calculated properties varying with the temperature and/or pressure are presented and compared with the previous calculations and experimental findings. The layout of this paper is given as follows: The method of calculation is given in Section 2. The results are presented and discussed in Section 3.
The method of calculations
According to the embedded atom method, the cohesive energy of an assembly of N atoms is given by [24, 25] 
where E tot is the total cohesive energy, ρ i is the host electron density at the location of atom i due to all other atoms, f (r ij ) is the electronic density function of an atom, r ij is the distance between i and j atoms, F i (ρ i ) is the embedding energy to embed atom i in an electron density ρ i , and φ(r ij ) is the pairwise potential energy function between atoms i and j.
In this work, we have used a slightly modified form of the pairwise potential function which was originally proposed by Cai [26] . Recently, this potential function has been used by us for predicting several physical properties of some transitional metals [27] [28] [29] . The present form of the potential makes it more flexible owing to the constants, m and n in the multiplier forms. The modified parts of the potential and the other terms are as follows: 
where α, β, D 1 and D 2 are fitting parameters that are determined by the lattice parameter a 0 , the cohesive energy E c , the vacancy formation energy E f v , and the elastic constants C ij . Here, ρ e is the host electron density at equilibrium state, r e is the nearest neighbor equilibrium distance, and 
Here, X represents the calculated and experimental values of the quantities taken into account in the fitting process. In the fitting process, the cut-off distance is taken to be r cut = 1.65 a 0 . For the selected values of the constants m and n, the computed potential parameters and experimental input data for Ir are given in Table 1 . Table 1 The experimental properties and potential parameters of Ir. The experimental lattice parameters (a 0 ) at room temperature, bulk modulus (B m ), and cohesive energy are from Ref. [30] , elastic constants (C ij ) given at zero temperature are from [31] , vacancy formation energy (E f v ) is from ref. [32] , melting temperature (T m ) is from [18] , the coefficient of linear thermal expansion α are from [33] , and specific heat C p is from [34] . The variations of the cohesive energy with the lattice constant calculated from Eq. (1) and from the equation of state (eos) due to Rose et al. [35] are compared in Fig. 1 . The well-known Rose's eos is given by 
E 0 is a constant taken as an equilibrium cohesive energy of solid. B m is the bulk modulus, and Ω is the atomic volume in equilibrium.
To obtain the phonon dispersion curves we have adopted the Dynamical matrix based on the Embedded Atom Method (EAM) given by [26] for the face-centered cubic (fcc) structures. The normal mode frequencies corresponding to a wave vector k can be obtained by solving the usual secular equation
where D is the dynamical matrix of the order of 3 × 3, m is the atomic mass, and I is the unit matrix. By following Daw and Hatcher [36] , the dynamical matrix for EAM can be written as follows:
where
f * is the complex conjugate of f statement.
The present MD calculations are based on the Parinello-Rahman (PR) theory [37, 38] and the velocity version of Verlet algorithm [39] , and periodic boundary conditions are applied on the axis of the MD cell. The initial fcc structure of the systems was constructed on a lattice with 1372 atoms, and the system was equilibrated in 5,000 integration steps. The size of integration step was chosen as Δt = 0.005 t (t = 0.681 ps). Time averages of the thermodynamic properties of the system in each simulation run were determined by using 30,000 integration steps following the equilibration of the system.
Results and discussion
We can classify our results into two main categories: (i) temperature-dependent properties, (ii) pressure-dependent properties.
(i) Temperature-dependent properties In the thermal applications, the temperature of the system under zero pressure is raised from 0 K to 3900 K with 100 K increment in each run of 15,000 integration steps. We have construced the P − V diagram shown in Fig. 2 and analyzed it to determine the bulk modulus under zero pressure by using the expression The estimated value of Bulk modulus is found to be B m = 317 GPa, and is accord (within an error of 10.5%) with its experimental value (see Table 1 ) for iridium. The variation of bulk modulus with temperature at different pressures given in Fig. 3 (a) , as is expected, decreases almost linearly with the increase of T for the considered pressures. The graph (a − T ) shown in Fig. 4 is used to compute the linear thermal expansion coefficients by using the expression
under zero pressure. The calculated value for the thermal expansion coefficient, in 100 K -400 K interval, is found to be α = 6.30 × 10 −5 K −1 , which is far from the experimental value. Considering the experimental data in Table 1 , it can be seen that MD approach, generally, overestimates the thermal expansion coefficients [40, 41] . The temperaturedependent behaviour of the linear-thermal expansion is plotted at temperature range 0 K -900 K for various pressures in Fig. 5(a) . At zero pressure α increases exponentially with T at low temperatures and gradually approaches a linear increasing at high temperatures. At higher pressures the increasing of α with temperature become smaller, especially at the high temperature range. The variations of enthalpy with temperatures under zero pressure for Ir is given in Fig. 6 , and this graph is used to compute specific heat under the constant pressure. The calculated value of specific heat over 0 -300 K , by using the general expression
is found to be C p = 25.91 J/molK. It can be seen from the experimental data in Table 1 that the calculated specific heat has an error of 4.9% for Ir. There are several methods for obtaining the thermodynamic melting temperature of a crystal using the MD simulations. In the case of "the caloric-curve" method , the variation of the total energy with the kinetic energy is ploted [42] . In another method, the solid-liquid interface is simulated [40] . The more tractable methods for determining the melting temperature are ploting the cohesive energy versus temperature, enthalpy versus temperature, molar volume versus temperature, and mean-square displacement versus temperature etc. as we done here and in some other studies [42] [43] [44] [45] [46] [47] . At the melting point, a discontinuity arises in these plots as shown in Fig. 7(a-b) . The variations of cohesive energy with temperature for different pressures is given in Fig. 8 . The computed melting temperature under zero pressure is found to be 2590±20 K with an error of −4.78%. The P − T diagram for Ir is also obtained (see Fig. 9 ) by using the melting temperatures under different pressures. It can be seen from this figure that the melting temperature increases when the pressure increased.
The investigation of the radial distribution function, at different temperatures, is the other practical prediction technique for the solid-liquid phases of materials. The first-peak locations of radial distribution curves, in Fig 10(a) , represent the distance of the nearest neighbor atoms, r 0 . The second peak locations denote the distances of next nearest neighbors, a 0 . In the present case, the related distances are found to be 2.70757Å and 3.83362Å, respectively, with an errors of 0.25% and 1.6%. So, the present errors can be omitted since the parameters of the potential energy function are fitted to the crystal properties in static case. It can be seen from the Fig. 10(a) The quality of calculated elastic constants provides a critical test for the success of the used simulation method. Here, we have utilized the same formulations given byÇagın [47] and Karimi [40] to compute the second-order elastic constants (SOEC), C 11 , C 12 , and C 44 . The calculated C ij and bulk modulus at the range of 0-1000 K, are collected in Table 2 . The elastic constants versus temperature graphs, only for P = 0 GPa, are displayed in Fig. 11(a) . The values of C 12 and C 44 obtained in this work are very close to each other, and agree with the experimental values of Simmons and Wang [31] . It is notable to say that the traditional Born-stability criteria on C 12 and C 44 (i.e. C 12 > C 44 ) is violated for iridium,and produces the negative Cauchy pressure (C 12 < C 44 ) as in the case of the experimental findings [31] . Rh and Cr are the other examples of the metals violating the Born-criteria in ref. [19] , and they show similar unusual elastic behaviors like iridium. (ii) Pressure-dependent properties
The pressure applications are also implemented under the pressure range of 0 -60 GPa.
The simulation is restarted with different pressure in each run to avoid algorithmic errors in the long time runs. The variation of the linear-thermal expansion with pressure for three temperatures is shown in Fig. 5(b) . It can be seen that α decreases drastically with the increasing of pressure. When the pressure is above of 60 GPa, the values of α for each temperature (100, 500, 1000 K) are very close to each others. This means that the temperature dependence of α is very small at high pressure for Ir. Variation of bulk modulus with the pressure under at three constant temperatures is calculated and depicted in Fig. 3(b) ; and as expected, the bulk modulus almost linearly increases when the pressure is increased. The pressure derivative of the bulk modulus is calculated to be 7.04 GPa from this graph , and it is slightly higher than the experimental value of 6.0 GPa [35] .
The variations of second-order elastic constants(SOEC) with pressure are also calculated for 0,10, 20, 40, and 60 GPa pressures,and the results are plotted in Fig. 11(b) only for 300 K. The increasing of C ij 's with pressure almost shows a linear behaviour. The other values at different temperatures are collected in Table 3 , and they show the similar trends. The radial distribution functions for different pressures are also indicated in Fig. 10(b) .
It can be seen from the analysis of the curves up to the considered pressures, the peak positions are shifted towards left which means that some decreasing occurred in the volume without the structural phase transition.
Conclusion
We have performed molecular dynamics simulation on the less known properties of iridium. We can say that the present potential model in the framework of the EAM, describes, quite well, the thermo-elastic behaviours of iridium at different temperatures and pressures. The thermal contribution to the elastic constants is very significant, and in going from 0 K to 1000 K, the values of SOEC are changing remarkably. The effect of pressure on bulk modulus is much more significant than that of the temperature. Finally, we can say that the high pressure results show a smaller thermal expansion coefficent and a larger bulk modulus.
